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Introduction 

 

The genome of each plant virus only encodes a few proteins. They are obligate parasites that require 

a living host for replication and dissemination (Tatineni & Hein, 2023). Most plants harbour several 

viruses, and most viruses have a limited, and characteristic, host range. The symptoms caused by 

viruses in plants can vary considerably, depending on the virus and its host. Such disease symptoms 

may include mosaic, mottling, chlorosis, ringspots, distortion, dwarfing, and necrosis (Stevens, 

1983). Consequently, viruses represent a significant risk to agricultural output. The impact of 

viruses on global plant production is significant as they damage food crops by decreasing their 

quality and quantity (Jones & Naidu, 2019). A total of more than 1,000 viruses have been identified 

as infecting plants (Gergerich & Dolja, 2006). A wide variety of agricultural crops, including 

cucurbitaceous vegetables, have been identified as susceptible to viral infection. In fact, more than 

96 viruses have been identified as infecting these crops (Abdalla & Ali, 2021). Similarly, 

grapevines have been shown to be susceptible to around 100 viruses (Fuchs, 2020), and ornamental 

plants by more than 50 viruses (Mitrofanova et al., 2018) 

It is therefore of the utmost importance to identify and characterise viruses infecting plants in order 

to develop effective management strategies and ensure food security. To achieve this, a 

comprehensive analysis of the viruses in question is required, including an investigation into their 

origins, transmission patterns, and the impact they have on their host plants.  It is also important, 

when possible, to reveal the past evolutionary history of each virus as this sometimes reveals the 

conditions under which it became an important pathogen, and this may indicate how best to control 

it. 
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Chapter I: Literature Review 

I. Overview of the affected plants 

1. Pumpkin 

Vegetables are of global economic and horticultural importance. One of the largest vegetable 

families is the Cucurbitaceae, which contains approximately 115 genera and 960 species (Schaefer 

& Renner, 2011). Some of the most important edible plants in the world are members of this family 

(Guo et al., 2020). The members of the Cucurbitaceae family, commonly referred to as ‘cucurbits’ 

or ‘gourds’, can be categorised into three main groups: annual herbaceous vines, perennial tubers 

or roots, and perennial lianas (Guo et al., 2020). These plants originate from tropical, subtropical, 

and temperate regions. The cucurbits include melon (Cucumis melo), cucumber (Cucumis sativus), 

watermelon (Citrullus lanatus), zucchini (Cucurbita pepo var. cylindra), and pumpkin (Cucurbita 

pepo var. pepo). 

It is important to note that the term ‘pumpkin’ refers to several cultivated species, including 

Cucurbita pepo L., which is the most grown and economically important (Ferriol & Picó, 2008), 

and also Cucurbita maxima Duchesne, Cucurbita moschata Duchesne, Cucurbita argyrosperma 

Huber, and Cucurbita ficifolia Bouché (Provesi & Amante, 2015). 

The domestication of cucurbits was not a uniform process, with the domestication of melon 

(Cucumis melo) and cucumber (Cucumis sativus) occurring in Asia and dated to more than 4000 

years ago (Paris, 2016). In contrast, the domestication of watermelon (Citrullus lanatus) occurred 

in Africa (Egypt, Libya, and Sudan) between 4000 and 5000 years ago (Renner et al., 2021). 

Finally, zucchini (Cucurbita pepo var. cylindra) and pumpkin (Cucurbita pepo var. pepo) were 

domesticated in the Americas 10,000 years ago (Chomicki et al., 2020). 

Abiotic and biotic factors exert a profound influence on the production and quality of cucurbit 

fruits. Among the biotic factors, viruses represent a significant concern as  approximately 50% of 

emerging infectious diseases of cucurbits were attributed to viruses (Anderson et al., 2004) 

including 59 viruses (Lecoq & Desbiez, 2012), but that number almost doubled in a decade 

(Abdalla & Ali, 2021). The major viruses infecting cucurbits do not belong to the same genus, and 

they can exist in multiple and mixed infections. Some of the viruses have synergistic relationships 

that can enhance the severity of symptoms and, therefore, decrease the yield more (Lecoq & 

Desbiez, 2012).  
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2. Grapevine 

The genus Vitis comprises approximately 60 to 80 species of vines (Hardie, 2000; Emanuelli et al., 

2013). The most widely cultivated grapevine species is Vitis vinifera subsp. vinifera which was 

domesticated approximately 11,000 to 7,000 years ago (Myles et al., 2011; Allaby, 2023; Dong et 

al., 2023). It is a perennial woody crop (Zhu et al., 2021), that produces clusters of small, round 

fruits called grapes, which can be red, white, yellow, pink, crimson, dark blue, or black in colour 

(Naidu et al., 2014). Grapes are mainly used for winemaking. The different grape varieties and 

winemaking techniques result in a diverse range of wine styles and flavours (Chambers & 

Pretorius, 2010; González-Neves et al., 2013; Morata et al., 2017). Additionally, the fruit can be 

consumed or dried for the production of juice, raisins, and vinegar (Verter & Hasíková, 2019). It 

is widely cultivated for its significant economic value worldwide (Zhu et al., 2021). Grapevines 

are susceptible to a variety of pests and infections especially as they are propagated vegetatively, 

which allows pathogens to accumulate (Naidu et al., 2014). The most damaging of these are viruses 

and virus-like entities (Naidu et al., 2014). A total of more than 100 viruses have been identified 

as infecting grapevines (Fuchs, 2020; Tatineni & Hein, 2023). These viruses can result in yield 

losses, a reduction in the productivity of the vineyard, and reduce the lifespan of the vine. 

3. Myrobalan plum 

The myrobalan plum, also known as the cherry plum (Prunus cerasifera), is a small shrubby tree 

(Popescu & Caudullo, 2016) native to Southeast Europe, Western and Middle Asia (Popescu & 

Caudullo, 2016). The flowers of Prunus cerasifera are of importance to pollinators (Petrov et al., 

2024). It is an easily adaptable species (Czortek et al., 2024). Prunus cerasifera produces plum-

like edible fruit (Popescu & Caudullo, 2016; Petrov et al., 2024). Prunus cerasifera is found to be 

one of the parents of the cultivated plum, Prunus domestica (Zohary, 1992). It is commonly used 

as an ornamental plant (Petrov et al., 2024), but it is highly valued as a grafting stock for other 

Prunus species and cultivars. This is due to its resistance to frost, root-knot nematodes, and its 

ability to improve fruit weight, greater tolerance to the infection by being symptomless or showing 

mild spots, or as a biological indicator for the viruses (Southwick et al., 1999; Milliron et al., 2021). 

Together with other Prunus species, the myrobalan plum serves as a natural host for numerous 

stone fruit viruses, acting as a reservoir for these viruses (Kamenova, 2008; Gospodaryk et al., 

2013). 
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II. Viruses studied in this Ph.D. work 

1. Watermelon mosaic virus 

The virus belongs to the Potyvirus genus and has a single positive-stranded RNA. It is an important 

pathogen of cucurbits (Lecoq & Desbiez, 2012). The symptoms of watermelon mosaic virus 

(WMV) can be observed on leaves through mosaic, vein banding, or on fruits through 

discolouration, deformation, and size reduction (Figure 1). 

 

 

Figure 1. Symptoms of the watermelon mosaic virus infection (©Crop Research Institute, Prague 

- Ruzyne) 

 

This virus was reported to be the progeny of an interspecific recombination between two legume-

infecting viruses: soybean mosaic virus (SbMV) and bean common mosaic virus (BCMV) (Desbiez 

& Lecoq, 2004). The WMV has a broad host range. It can infect other plants including legumes, 

orchids, and weeds (Desbiez et al., 2007; Lecoq & Desbiez, 2012; Gao et al., 2021). In 

experimental conditions, WMV has been demonstrated to infect 170 plant species (Wang & Li, 

2017). It is present worldwide, including the Czech Republic (Svoboda, 2011). WMV is transmitted 

by aphids in a non-persistent manner (Lecoq & Desbiez, 2012). A total of 35 aphid species have 

been identified as vectors for WMV (Wang & Li, 2017). Of these, three aphid species, namely 

(Aphis craccivora, Aphis gossypii, and Myzus persicae) have been identified as particularly 

efficient vectors of WMV (Lecoq & Desbiez, 2012). 
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2. Grapevine Pinot gris 

The grapevine Pinot gris virus (GPGV) was first reported in Italy in 2012 and is a relative 

newcomer to the various pathogens affecting viticulture worldwide (Giampetruzzi et al., 2012). It 

is a member of the Trichovirus genus of the Betaflexiviridae family, which consists of a positive 

single-stranded RNA with three overlapping open reading frames encoding replicase (RdRp), 

movement protein (MP), and coat protein (CP). The virus was isolated from asymptomatic and 

symptomatic grapevines, and the symptoms ranged from mild up to severe, causing grapevine 

stunting and yield loss. The presence of symptoms has been reported to vary according to GPGV 

isolates and also according to cultivar or seasonal environmental parameters (Tarquini et al., 2019b, 

2021). One probable vector of the virus is the eriophyid mite Colomerus vitis. Nevertheless, the 

observed dissemination pattern in vineyards and the documented occurrence of GPGV in non-Vitis 

host plants suggest the potential involvement of additional animal vectors (Malagnini et al., 2016; 

Gualandri et al., 2017; Hily et al., 2021; Demian et al., 2022). Furthermore, the ease with which 

GPGV can be distributed between countries and continents through the exchange of infected plant 

materials underscores the necessity for heightened vigilance. It is possible that the virus entered 

Eastern Europe prior to 2005 and subsequently spread to other European countries after 2010 

(Bertazzon et al., 2016). In parallel, GPGV has been reported from many grapevine-growing 

regions across different countries worldwide (Giampetruzzi et al., 2012; Glasa et al., 2014; Beuve 

et al., 2015a; Jo et al., 2015; Reynard et al., 2016; Rwahnih et al., 2016; Ruiz-García & Olmos, 

2017; Czotter et al., 2018; Rasool et al., 2019; Zamorano et al., 2019; Debat et al., 2020; Eichmeier 

et al., 2020; Massart et al., 2020; Abe & Nabeshima, 2021; Navrotskaya et al., 2021).  

3. Grapevine fleck virus 

The virus was first isolated in 1983 in the phloem of infected vines and named the grapevine 

phloem-limited isometric virus (GPLIV) (Castellano et al., 1983). In 1991, it was renamed as the 

grapevine fleck virus (GFkV) in recognition of its role as agent responsible for fleck (Boscia et al., 

1991). Its genome is single-stranded positive-sense RNA of 7.5 kb in length (Sabanadzovic et al., 

2000). The Latinized binomial name for the taxon to which it belongs is Maculavirus vitis species 

(International Committee on Taxonomy of Viruses; Walker et al., 2021; Zerbini et al., 2022). The 

virus is phloem-limited (Shi et al., 2003). The symptoms generated by this virus differs in different 

Vitis species. The virus causes the clearing of the veinlets in young leaves of Vitis 

rupestris Scheele, and distortion in older leaves. However, it is latent in Vitis vinifera L. (Martelli 
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et al., 2002). To date, no vector for the virus has been identified, but it can be transmitted via 

grafting and dispersed by the exchange of grapevine propagation materials (Martelli, 2014). The 

virus was reported from many grapevine growing regions (Komínek & Holleinová, 2003; Jo et al., 

2017; Sabanadzovic et al., 2017; Crnogorac et al., 2020). 

4. Grapevine red globe virus 

The grapevine red globe virus (GRGV) is a member of the Maculavirus genus.  It also induces 

specific symptoms in Vitis rupestris Scheele but does not cause any symptoms in Vitis 

vinifera L.(Sabanadzovic et al., 2000; Ghanem-Sabanadzovic et al., 2003). The virus was first 

reported in grapevines from Italy and Albania (Sabanadzovic et al., 2000) and has since been 

documented in many other European countries, including Greece (El Beaino et al., 2001), France 

(Beuve et al., 2015b), Spain (Cretazzo et al., 2017), Hungary (Czotter et al., 2018), Germany (Ruiz-

García et al., 2018), Czech Republic (Massart et al., 2019), Portugal (Candresse et al., 2022), and 

United Kingdom (Dixon et al., 2022) and non-European countries (USA (El Beaino et al., 2001), 

China (Fan et al., 2016), Brazil (Fajardo et al., 2017), Iran (Nourinejhad Zarghani et al., 2021), 

Japan (Yamamoto et al., 2022), and Australia (Wu et al., 2023) were also affected. 

5. Grapevine rupestris vein feathering virus 

Grapevine rupestris vein feathering virus (GRVFV), is a member of the genus Marafivirus. The 

virus has a positive-sense, single-stranded RNA genome. The genome encodes a large ORF that 

produces a putative polyprotein comprising methyltransferase, peptidase, helicase, RNA 

polymerase, and coat protein domains. The virus was first reported in Greece (El Beaino et al., 

2001) and has since been identified in many grapevine-growing regions worldwide (Eichmeier et 

al., 2016; Wu et al., 2021; Shvets et al., 2022). The virus causes mild asteroid symptoms in Vitis 

vinifera L. and vein feathering in Vitis rupestris Scheele (El Beaino et al., 2001). Infection can 

occur alone or in combination with other grapevine viruses such as GRGV (Fiore et al., 2016) and 

with Grapevine Syrah virus-1 (Miljanić et al., 2022). 

6. Grapevine Syrah virus-1 

Grapevine Syrah virus-1 (GSyV-1) is a member of the Marafivirus genus, within the 

species Marafivirus syrahensis. The genome is 6.5 kb in length, and it encodes a large ORF that 

produces a 2081 aa polyprotein. The virus was first reported from the USA in Vitis vinifera cv 

Syrah (Al Rwahnih et al., 2009). Since then, the virus has been found in Chile (Engel et al., 2010), 
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Italy (Giampetruzzi et al., 2012), Hungary (Czotter et al., 2015), South Africa (Oosthuizen et al., 

2016), China (Ahmed et al., 2018), Croatia (Vončina et al., 2017), Spain (Ruiz-García et al., 2017), 

Korea (Cho et al., 2019), Russia (Navrotskaya et al., 2021), Czech Republic and Slovakia (Glasa 

et al., 2015), and many other countries. There is limited data on the impact of GSyV-1 on grapevine 

production (Vončina et al., 2017; Shvets et al., 2022). GSyV-1 is not limited to infecting Vitis 

vinifera, as it has also been found in wild blackberries, where it was named Grapevine virus Q 

(Sabanadzovic et al., 2009).  

7. Grapevine asteroid mosaic-associated virus 

Grapevine asteroid mosaic-associated virus (GAMaV) is a member of the genus Marafivirus. It is 

thought to be transmitted through bud-wood (Sabanadzovic et al., 2017). Furthermore, no vector 

associated with virus transmission has been identified, although, seed transmission is a potential 

mode of transmission (Thompson et al., 2021). The virus has been reported in many countries, 

including USA (Al Rwahnih et al., 2009), Canada (Xiao & Meng, 2016), Japan (Nakaune et al., 

2008), Uruguay (Jo et al., 2015), France (Candresse et al., 2017), Spain (Morán et al., 2020), Italy 

(Porceddu et al., 2018), Russia (Shvets et al., 2022), and Hungary (Czotter et al., 2018). The 

symptoms manifest as an asteroid mosaic described as "star-shaped chlorotic spots" on the 

grapevine leaves (Thompson et al., 2021). Recently, grapevines infected with this virus and 

showing chlorotic mottling have been found in China and Spain (Morán et al., 2020; Fan et al., 

2023).  Furthermore, the virus has also been identified in asymptomatic samples (Morán et al., 

2020; Fan et al., 2023). 

8. Prunus necrotic ringspot virus 

Prunus necrotic ringspot virus (PNRSV) is a member of the genus Ilarvirus and is known to 

infect both Prunus spp. and ornamental plants (Pallas et al., 2013). The genome is segmented, and 

tripartite: RNA1 and RNA2 encode two replicase proteins, P1 and P2, respectively, while RNA 3 

encodes two additional proteins: the movement protein (MP) and coat protein (CP) (Pallas et al., 

2013). The virus is distributed globally. In the Czech Republic, the virus was first identified 

serologically in sour and sweet cherries (Karešová et al., 1986). PNRSV can be transmitted by 

pollen, which facilitates rapid virus spread in orchards (Kryczynski et al., 1992), or by seed. The 

efficiency of these two natural modes of transmission varies depending on the host plant species 

(Barba et al., 1986). Additionally, PNRSV can be transmitted by infected plant-propagating 
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material, such as budwood and rootstocks. The initial symptoms of PNRSV manifest one-year post-

infection, designated the acute or shock stage. However, subsequent to this, the plants become 

symptomless. Nevertheless, previous studies have indicated that certain strains may result in 

recurrent symptoms each year (Nyland et al., 1976; Wells & Kirkpatrick, 1986). The symptoms 

exhibited by infected plants are dependent on the specific isolate of PNRSV, including mosaic, 

ringspot, chlorosis, leaf deformation, necrosis, shot holes, and drop-off. Moreover, it has been 

demonstrated that the virus significantly affects fruit yield and quality.  

9. Cherry virus A 

Cherry virus A (CVA) is classified within the genus Capillovirus (Jelkmann, 1995). The genome 

consists of a positive single-stranded RNA with two ORFs; ORF1 encodes a replicase and coat 

protein, while ORF2 encodes a movement protein in a different frame (Jelkmann, 1995). The 

symptoms caused by this virus have been reported as latent or unknown due to the fact that the 

virus is usually found in mixed infections, which makes it difficult to associate the virus with 

specific disease symptoms (Gao et al., 2016). This virus is distributed worldwide. The virus was 

first reported in 2010 in sweet and sour cherries in the Czech Republic (Grimová et al, 2010). CVA 

is transmitted via grafting; however, vector transmission has not yet been reported. The virus has 

also been identified in non-cherry prune hosts, including apricot, plum, peach, and Japanese apricot 

(Kesanakurti et al., 2017).  
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III. Evolution of viruses 

A. Evolution and phylogenetics 

Phylogenetics is the study of the evolutionary history of species, which concerns the relationship 

between lineages that are related by a common ancestor (Gorbalenya & Lauber, 2017).   

This branch of science flourished almost two centuries ago a result of the insights of Charles 

Darwin (Anon, 2024a) and Alfred Wallace (Anon, 2024b).  Darwin summarized the possibility that 

each living organism evolves and produces a bifurcating lineage (i.e. phylogeny) in the form of a 

tree, shown in his famous sketch (Figure 2). 

 

Figure 2. Page from Darwin's notebooks (c. July 1837) with his first sketch of an evolutionary 

tree, and the words "I think" at the top. Retrieved from (Anon, 2024a) 

 

Initially phylogenies were inferred by observing and comparing superficial characters of 

organisms.  However the sequences of, first, amino acids in proteins, and then nucleotides in 

nucleic acids of organisms (Dayhoff, 1978) were shown to change through time in a similar way 
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(Simmons et al., 2002), and it became possible to calculate with more accuracy phylogenies 

representing the evolutionary history of each organism (Gorbalenya & Lauber, 2017).  

The construction of a phylogenetic tree is a complex process that involves many steps (Choudhuri, 

2014). The initial step is to select the molecular sequence dataset, which can be either nucleotides 

in nucleic acids or amino acids in proteins. The phylogenetic tree can be constructed using either 

genomes or distinct genes. The next step is to make a multiple sequence alignment, which serves 

to maximize similarities and to identify mutations and other evolutionary changes, such as 

recombination or reassortment (shuffling) of parts of the sequence. This is followed by the selection 

of an appropriate model of evolution, and the construction of the phylogenetic tree. Finally, the 

topology of the tree is assessed using bootstrapping (Choudhuri, 2014) or other statistical estimate 

of likelihood (Shimodaira & Hasegawa, 1999). The outcome is a graphical representation of the 

evolutionary relationships of the population of sequences (Bawono & Heringa, 2014). The 

phylogenetic tree is described by its topology, namely its branches, their length, shape, positions 

and density of the nodes, and the position of the root (Gorbalenya & Lauber, 2017).  

Phylogenetic tree comparisons may be employed to classify novel viruses or an isolates exhibiting 

novel or unexpected properties (Burrell et al., 2017). Moreover, the construction of phylogenetic 

trees has been employed not only as a tool for understanding isolates with new or unexpected 

properties, but also for a more accurate taxonomic classification of these isolates. The International 

Committee on Taxonomy of Viruses (ICTV) has recently accepted a proposal to utilise 

phylogenetic analyses as the primary criterion for classifying the multitude of newly identified 

viruses and metagenomic sequences that have been  obtained through next generation sequencing 

(NGS) technique, without the necessity to include biological information, given the unfeasibility 

of gathering such information due to the growing number of newly identified viruses and 

metagenomes (Simmonds et al., 2017); a change opposed by some (Gibbs, 2020). 

Evolution refers to the process by which viruses undergo change over many generations and 

periods of time. Once these changes, or mutations, are fixed, a distinctive lineage is formed 

(Gorbalenya & Lauber, 2017). Therefore, the objective of phylogenetics is to shed light on the 

manner in which viruses have evolved and to make predictions about their shared history (Pagán, 

2018). There are many different computational tools that can be used to transform the information 

about the detected mutations into a phylogenetic tree. These include distance-based methods such 
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as neighbour-joining, which can be computed relatively quickly, and evolutionary-based methods, 

such as maximum likelihood or Bayesian (Pappas et al., 2020), some of which take longer. Further 

statistical and mathematical models of evolution can be found in software packages such as 

Randomized Axelerated Maximum Likelihood (RAxML), Bayesian Evolutionary Analysis 

Sampling Trees (BEAST), and Phylogenetic Maximum Likelihood (PhyML), which provide 

estimates of substitution rates, divergence times, and other population genetics patterns (Pappas et 

al., 2020).  

Interpretation of phylogenies is aided by comparing the results of using completely different 

methods of calculation, for example, ‘neighbour-joining’ and ‘maximum likelihood’, as different 

models and algorithms are used.  Interpretation of a phylogeny is also greatly aided by dating it, 

and again a great variety of methods are available.  Dating of measurably evolving viruses is usually 

done using ‘tip dating’, namely using sequences from samples collected on different occasions, and 

then, if the dates and positions of the tips are correlated (i.e. there is a ‘temporal signal’), then it is 

possible to extrapolate and date of the tree.  Alternatively, for sequences that are so distantly related 

that there is no ‘temporal signal’ and extrapolations are too large then external calibration dates are 

required, which may include recognised evolutionary events or, ultimately, fossil records and 

radioactive decay  (Pappas et al., 2020).  A dated phylogeny may then produce useful insights about 

factors affecting the spread of a virus.  For example, Hajizadeh et al. (2019) reported that the 

phylogeny of sequences of plum pox virus (PPV) had a root that was probably about the beginning 

of the first millennium BCE, which, interestingly, did not coincide with the domestication of woody 

Prunus species, several thousand years ago, but did coincide with the invention of pruning for 

propagating species that do not root easily from cuttings, such as apples, pears, and plums.   

Another study investigated the global origin and source of the Australian epidemic of wheat streak 

mosaic virus (WSMV) found that the virus, and its relatives, likely originated in Eurasia, especially 

Iran, and subsequently spread to other regions, including North America, and thence to Australia, 

and South America in plant breeders stocks, resulting in the Australian WSMV epidemic (Jones et 

al., 2022). This emphasised the importance of national quarantine practices. 
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B. Evolution and genetic diversity 

Variability is a fundamental characteristic of living entities. The genetic structure of a viral 

population is the distribution of genetic variants in the viral population. The process through which 

viruses change across many generations is referred to as evolution (García-Arenal et al., 2001). 

The evolution of virus is driven by many processes such as mutation, genetic exchange through 

recombination or reassortment, which induce viral diversification and generation of novel viral 

strains, which may affect host range, viral pathogenicity, and transmission (Escriu, 2017).  

1. Sources of genetic diversity 

1.1.Mutation  

RNA viruses possess an RNA-dependent RNA polymerase (RdRp), which lacks proofreading 

activity, resulting in the generation of many genetically distinct sequences within viral populations 

(Drake & Holland, 1999), called a “quasi-species”. The mutation rate of RNA virus genomes has 

been repeatedly estimated to be between 10-3 and 10-4 for some viruses, including tobacco mosaic 

virus (TMV) (Malpica et al., 2002), cucumber mosaic virus (CMV) (Ouedraogo & Roossinck, 

2018), and papaya ringspot virus (PRSV) (Khanal & Ali, 2021).  

1.2.Recombination  

It is defined as the process of shuffling viral RNA segments of two or more related viruses 

(MacFarlane, 1997). Recombination events only occur within a single multiply-infected host plant, 

and contribute to the genetic diversity of viral populations (Nagy, 2008). Plant viral recombination 

and reassortment play an important role in the evolution and adaptation of plant viruses (Moreno 

et al., 2004). It increases the adaptability of viruses to new host ranges (Maliogka et al., 2012), the 

emergence of new viral strains, an increase in virulence and pathogenicity (LaTourrette & Garcia-

Ruiz, 2022), changes in the specificity of transmission vectors (Gadhave et al., 2020), and 

resistance to control measures (Moreno et al., 2004; Pérez-losada et al., 2015; Gibbs et al., 2020). 

The process of RNA recombination is not necessarily reciprocal (Pérez-losada et al., 2015), and is 

thought to occur during viral replication, when the viral replicase enzyme switches between 

different RNA templates, leading to the formation of chimeric sequences from parental genomes 

(Nagy, 2008). 

A substantial number of plant viruses undergo RNA recombination, as evidenced by studies on 

potyviruses. Plum pox virus (Glasa et al., 2004), potato virus Y (Green et al., 2017), tulip breaking 
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virus (Ágoston et al., 2020), and watermelon mosaic virus (Desbiez & Lecoq, 2008; Desbiez et al., 

2011). These are just a few of many reported examples of RNA recombination in potyviruses. 

It has been documented that other viruses infecting perennial hosts have been identified to undergo 

recombination, including viruses infecting grapevine. This process has been observed in grapevine 

Pinot gris virus (Tarquini et al., 2019a; Hily et al., 2020), grapevine leafroll-associated virus-3 

(GLRaV-3), grapevine leafroll-associated virus-4 (GLRaV-4), grapevine rupestris stem pitting-

associated virus-1 (GRSPaV-1), grapevine virus A (GVA), grapevine virus B (GVB), and GSyV-1 

(Fajardo et al., 2017).  

It has been reported that viruses infecting stone trees such as cherry virus A and prunus necrotic 

ringspot virus are  recombinants (Boulila, 2010; Gao et al., 2017).  

2. Evolutionary forces that shape the genetic diversity 

A fundamental concept in the study of evolution is the survival of the fittest genetic variants within 

a given population. The concept of fitness is defined as the capacity of a genetic variant, to 

contribute to the next generation relative to that of other molecular variants in the population, in 

specific environmental conditions (Maynard Smith, 1998). Therefore, the estimate of fitness of this 

genetic variant is the frequency at equilibrium with which this genetic variant is present in the 

progeny. Two forces, namely selection and genetic drift are responsible for shaping of this fitness 

(Escriu, 2017). 

2.1.Selection 

The process of selection is defined as the alteration in the frequency of specific molecular variants 

within a population in a specific environment. In the context of evolutionary biology, positive or 

adaptive selection occurs when the most fit molecular variants increase in frequency within a 

population. Conversely, negative or purifying selection occurs when the least fit molecular variants 

decrease in frequency within a population (Pagán, 2018). 

2.2.Genetic drift 

As previously stated, viruses exhibit high rates of replication and mutation, which collectively 

result in the formation of large population sizes (Hughes, 2009). Nevertheless, during the process 

of infection or plant-to-plant transmission, viral populations may undergo a reduction in effective 

population size (or size of an idealized population) due to the occurrence of bottlenecks (Moury et 
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al., 2006). The threshold of effective population size was estimated to be about 10 (French & 

Stenger, 2003). In the event that the population size is insufficiently large, the transmission of 

genetic variants from one generation to the next may occur randomly, which is referred to as genetic 

drift (Escriu, 2017), or even to a collapse of one of the components of mixed population as a result 

of ‘Muller’s Ratchet’ or a mutational meltdown (Fraile et al., 1997).  
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Chapter 2: Hypotheses and objectives 

 

 

1. Dissertation hypotheses 

 

- The adaptation of plant viruses to new host species can be elucidated by examining historical 

genetic evidence. 

- Viruses infecting trees exhibit distinct genetic characteristics and distribution patterns. 

 

    2.  Dissertation objectives  

 

-To determine the recent and historical origin of WMV and to analyse its spread. 

- To update the historical origin of the introduction of GPGV. 

- To investigate the prevalence and impact of multiple infections with viruses of the family 

Tymoviridae. 

- To characterize the genetic variability of prunus necrotic ringspot virus and cherry virus A in 

myrobalan rootstock and their effects on the host plant. 
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Chapter 3: List of published studies 

 

 

 

I. Study 1 

 

 

-Title: Watermelon mosaic virus in the Czech Republic, its recent and historical 

origins 

 

 

-Brief description: Watermelon mosaic virus (WMV) is a potyvirus and a member of the bean 

common mosaic virus (BCMV) lineage. The initial report of Czech WMV in 2011 was based solely 

on ELISA testing, which merely identifies the virus. The present study therefore aimed to place 

Czech isolates in the species molecular grouping based on gene sequences for the first time, to 

describe the diversity of Czech WMV, and to use all the available NCBI data of the full coding 

region of WMV sequences to provide information on the source of the Czech WMV population 

and the origin of WMV. Comparative dating indicates that the basal Chinese isolates are 

descendants of a potyvirus population infecting various dicotyledonous plant species in China at 

least 2000 years ago. WMV became a crop pathogen around 1000 years ago, a few years after 

watermelon was introduced to northern China and first cultivated as a crop during the Five 

Dynasties (907–960 CE). 
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II. Study 2 

 

 

-Title: Grapevine Pinot gris virus in Germany: From where did the virus come, and 

when? 

 

 

 

-Brief description: Grapevine Pinot gris virus (GPGV) isolates were obtained from German 

vineyards with the objective of investigating their diversity. An understanding of the time and place 

of emergence of a plant virus and the evolution of its population is crucial for the elucidation of its 

biology, epidemiology and for the development of effective management strategies. Phylogenetic 

and dating analyses of these and GPGV genes and genomes available in GenBank demonstrated 

that the virus likely diverged from grapevine berry inner necrosis virus (GINV) in wild and 

cultivated Vitis species, notably Vitis coignetiae, which is native to North-east Asia. This divergence 

is estimated to have occurred approximately 3500 years ago. The German isolates exhibited greater 

genetic diversity than those of other European populations, particularly with regard to the MP and 

CP genes. This suggests that the initial stages of the GPGV invasion of Europe were in Germany, 

rather than in Italy. 
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III. Study 3 

 

 

-Title: Multiple infections with viruses of the family Tymoviridae in Czech 

grapevines 

 

 

 

-Brief description: This study focused on the viruses of the Tymoviridae family that infect 

grapevines in the Czech Republic. Previously, we only reported the presence of some of these 

viruses. However, we were unable to present their full-length sequences because of the 

unavailability of complete reference sequences in the public databases. Therefore, our efforts were 

aimed at obtaining and analysing full-length sequences of Tymoviridae viruses to understand the 

viral diversity in the Czech Republic. We obtained complete sequences of GFkV (grapevine fleck 

virus) and GRGV (grapevine red globe virus) from the genus Maculavirus and GRVFV (grapevine 

rupestris vein feathering virus) and GSyV-1 (grapevine Syrah virus 1) from the genus Marafivirus. 

Mixed infections with these viruses were observed, as well as several variants of these viruses in 

the same plant and we found evidence of intraspecific recombination in our Czech GRVFV, GSyV-

1 and GRGV isolates. A high divergence in ORF3 and ORF4 at the amino acid level was observed 

between the Czech and Italian GFkV isolates. Grapevine asteroid mosaic-associated virus 

(GAMaV) was found for the first time in the Czech Republic. 
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IV. Study 4 

 

 

 

-Title: Characterization of prunus necrotic ringspot virus and cherry virus A 

infecting myrobalan rootstock 

 

 

 

-Brief description: Prunus necrotic ringspot virus (PNRSV) and cherry virus A (CVA) are two 

viruses that primarily infect plants belonging to the genus Prunus. Full-length sequences of these 

two viruses were obtained via high-throughput sequencing (HTS) from symptomatic Prunus 

cerasifera plants in the Czech Republic. The two isolates were subjected to molecular 

characterisation by recombination and phylogenetic analyses. Graft infections of different 

rootstocks were performed in order to ascertain the biological characteristics of these viruses and 

their corresponding symptomatology. 
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Chapter 4: Summary discussion 

The objective of this doctoral thesis was to utilise a range of bioinformatic tools to elucidate the 

evolutionary dynamics and genetic characterization of several plant viruses. This doctoral thesis 

comprises four distinct studies, the results of which have already been published. Two studies were 

done with the objective of elucidating the origin and evolutionary history of WMV (study 1) and 

GPGV (study 2), which have population with different proportions of recombinant isolates. These 

frequencies influence the temporal signal (i.e. affect the ability to estimate dates) and therefore 

different methods were used to date their phylogenies.  

In study 1, the Czech WMV population was found to be a closely related cluster within the world 

population. This population exhibited the lowest genetic diversity (π = 0.010 ± 0.00013) when 

compared to the other populations tested. This indicates a lower level of evolutionary divergence 

when compared to populations from China, South Korea, France, Italy, and the United States. The 

recombination analysis of WMV revealed that the frequency of recombinant WMV isolates was 

96.24%, with the majority of putative parents originating from Asia. There were two types of 

intraspecific recombination that were found: simple (36%) and multiple (61%), and the most 

affected region involved parts of the P1 coding region. The study demonstrated that WMV is a 

highly recombinogenic potyvirus, exhibiting greater recombination potential than any other studied 

potyvirus (Ben Mansour et al., 2023). In light of this information, the strategy of subtree dating 

method  as employed by Mohammadi et al., (2018) and Fuentes et al., (2019, 2021) was adopted 

in study 1 to estimate the dates of nodes in WMV phylogeny. The study revealed that the earliest 

population of WMV infected a number of plant species including Ailanthus altissima, Alcea rosea, 

and Panax ginseng. These isolates were phylogenetically distinct from other WMV isolates. 

Subtree dating indicated that the virus first appeared in north China at least 2000 years ago in non-

cucurbit hosts, and subsequently, migrated to watermelon, which was first grown as a crop in 

northern China more than 1000 years ago. This was therefore most likely a ‘new encounter 

spillover’ (Gibbs et al., 2008), and subsequently WMV became adapted to watermelon spreading 

in seed of favoured watermelon varieties as they were spread worldwide. 

In Study 2, the GPGV isolates were divided into five statistically distinct clusters designated A-E. 

The German GPGV isolates were dispersed into four of the clusters, indicating that they are 

genetically more diverse than the GPGV populations of other European populations. The results of 
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the analysis of evolutionary selection pressure ratio indicate that both the MP and CP coding 

regions of the German GPGV isolates were under negative selection pressure. This is a purifying 

process that removes isolates with deleterious mutations and decreases the frequency of less-fit 

viral variants (García-Arenal et al., 2003; Hughes, 2009). The investigation of the site-specific 

selection pressure affecting the MP and CP genes of the German population revealed the presence 

of only six codon sites that were assigned for a positive selection pressure. These sites were located 

at the located at the 3′ end of the MP and at one codon site for the CP. It is noteworthy that sites 

under positive selection were present more often in the MP than in the CP. The positive selection 

of the MP gene may facilitate the spread of beneficial virus variants by promoting systemic 

infection (Yoshikawa et al., 2006; Zhang, 2008). The recombination analysis revealed that only 

three GPGV isolates were recombinant. These isolates were removed, and the remaining sequences 

demonstrated a significant temporal signal (p = 0.01–0.001) and estimated a most recent common 

ancestor (MRCA) dated around 1285 CE. However, since some of the NCBI-retrieved sequences 

lacked any mention of their collection date, a time-scaled tree was calculated using IQ-Tree v.2.2.2. 

The molecular dating enabled updated of the likely origin of GPGV, indicating that it diverged from 

grapevine inner necrosis virus (GINV) from wild grape (Vitis coignetiae) probably around 3500 

years ago in North East Asia or Japan. Subsequently, GPGV infected the Eurasian grape when those 

cultivars were first taken to China around 2400 years ago. The introduction of GPGV to Europe 

was close to 1800 CE. The German isolates were only identified in all parts of the post-1800 CE 

phylogeny. The genetic diversity exhibited by the German isolates was greater than that observed 

in other European populations, as evidenced by the results obtained from both the MP and CP 

genes. This suggests that the initial stages of the GPGV invasion of Europe occurred in Germany, 

rather than Italy (Ben Mansour et al., 2024) as previously suggested (Hily et al., 2020). 

Additionally, two studies were conducted to investigate the prevalence and genetic characterisation 

of viruses found in two plants, namely the grapevine (study 3), and the myrobalan plum (study 4). 

In Study 3, samples from asymptomatic grapevines were subjected to HTS analysis. The full-length 

sequences of four grapevine viruses GFkV, GRGV, GRVFV, and GSyV-1 were successfully 

obtained, along with other partial genomic parts. GAMaV was identified for the first time in the 

Czech Republic. The phylogenetic analysis revealed the presence of both mixed infections of 

different viruses of the family Tymoviridae and distinct molecular variants of the same virus within 
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the same grapevine. A high divergence in ORF3 and ORF4 at the amino acid level was observed 

between the Czech and Italian GFkV isolates. Evidence of intraspecific recombination was 

identified in the Czech isolates of GRVFV, GSyV-1 and GRGV isolates was found. It was intriguing 

that all identified recombinants of GRVFV had either one or both parental sequences from a non-

Vitis host (Prunus), as indicated by the information in the NCBI database. Although, this 

information should be treated with caution, it suggests that recombination may occur between 

GRVFV isolates from Vitis and non-Vitis hosts. It has been proposed that an insect vector is 

responsible for field transmission due to the presence of multiple infections of GRVFV+GRGV 

within the same plant (Cretazzo & Velasco, 2016). The presence of recombinants with parental 

sequences from non-Vitis hosts suggests the probable involvement of polyphagous insects in the 

transmission of GRVFV. A second noteworthy observation is the evidence of multiple 

recombination events for GSyV-1 isolates from central Europe. This may indicate that the 

population is genetically diverse because the isolates recombine freely (Zakubanskiy et al., 2018), 

and this is consistent with a Hungarian study, which demonstrated that isolates from central 

European isolates are genetically diverse (Czotter et al., 2018). 

In Study 4, HTS analysis of symptomatic plants of BN4Kr myrobalan (Prunus cerasifera Ehrh.) 

revealed the presence of two viruses (PNRSV and CVA) in a mixed infection. The Czech PNRSV 

isolate was found to cluster separately as a sister clade to the PV96 molecular group. Screening for 

single nucleotide polymorphisms (SNPs) leading to non-synonymous substitutions between the 

Czech isolate and members of other groups showed that it differed at one site in the MP and at 

another site in the CP. In 2017, Kinoti and his colleagues, proposed a demarcation threshold for 

pairwise nucleotide similarities to distinguish different molecular groups of PNRSV (Kinoti et al, 

2017). This threshold was set at a value of less than 97% and using this criterion placed the Czech 

PNRSV isolate as distinct from other groups of PNRSV.   Graft testing of this divergent PNRSV 

isolate infection on rootstocks was done. Three rootstocks were employed for this purpose: 

myrobalan M29C (P. cerasifera), MRS 2/5 (P. cerasifera × P. spinosa), and apricot seedling (M-

VA-1). The apricot seedling (M-VA-1) and myrobalan MRS 2/5 plants showed greater tolerance to 

the infection, evidence by the absence of symptoms or the presence of mild spots, respectively. 

Myrobalan M29C plants exhibited severe symptoms, including necrotic spots. The myrobalan 

M29C plant can be used as a biological indicator for the virus. 
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The Czech CVA isolate was found to be phylogenetically related to other isolates from non-cherry 

hosts. A recombination analysis revealed 35 recombination events. Eight isolates from non-cherry 

hosts (Prunus serrulata Lindl., Prunus mume (Siebold) Siebold & Zucc., Prunus cerasifera Ehrh. 

and Prunus armeniaca L.) were identified as parental sequences, with the Czech isolate identified 

as the parental sequence of two NCBI sequences. Recombination can be a source of viral evolution, 

sequence diversity, and the acquisition of new hosts (García-Arenal et al., 2003). An interesting 

observation was the presence of multiple recombination events in seven isolates, which typically 

indicates the presence of numerous viral isolates in the same plant.  
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Conclusions 

The hypothesis that the adaptation of plant viruses to new host species can be elucidated by 

examining historical evidence was validated. The result of our first study indicates that WMV 

originated in East Asia more than 2000 years ago. Prior to its global dispersal, the virus first 

infected non-crop hosts and subsequently transferred to a newly imported crop approximately 1000 

years ago.  This is consistent with previous studies that have suggested that BCMV lineage, of 

which WMV is a member, emerged more than 3000 years ago in Asia.  

Similarly, a previous study indicated that GPGV originated from Asia, with China as a probable 

origin for the virus emerged. Although, our study, confirmed that the virus originated in Asia, but 

probably further north and east, possibly Japan or Korea, and that the virus diverged from GINV 

in wild grapevine before moving to Eurasian grapevine. 

The second hypothesis suggesting that the viruses infecting trees exhibit distinct genetic 

characteristics and distribution patterns was also validated. The examined grapevine plants showed 

the presence of mixed infections, as well as several variants of these viruses in the same plant. And 

that based on recombination pattern, a potential involvement of polyphagous insects in the 

transmission of GRVFV. 

The identified PNRSV isolate was phylogenetically distinct from other isolates, and a biological 

assay demonstrated that this isolate induces different symptom patterns than the common one.  

In conclusion, the current findings offer valuable insights into the genetic diversity, distribution, 

origins, and probable transmission manners of these viruses.  
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